Purpose Although, at present, the selection of sperm prior to ICSI is based on motility and morphology, undetectable anomalies, and more importantly damaged DNA are overlooked. In this regard, novel sperm selection procedures have gained much interest. For instance, sperm has been selected by Magnetic-Activated Cell Sorting (MACS) based on early apoptotic marker, the externalization of phosphatidylserine (EPS). Review of the literature has revealed that the efficiency of this technique has been mainly evaluated post Density Gradient Centrifugation (DGC). Therefore, there is a need to prove the efficiency of this technique independent of DGC. In addition, considering the fact that DGC induces EPS due to capacitation and acrosome reaction, therefore, the role of MACS before DGC(MACS-DGC) and MACS after DGC (DGC-MACS) should be assessed. Methods Semen samples from fifteen infertile men were divided into three separate fractions: control, DGC, and MACS. To carry out DGC-MACS, DGC samples were further divided into two fractions and MACS was carried on the second fractions. Similarly to carry out MACS-DGC, the MACS samples were further divided into two fractions and DGC was carried on the second fractions. Percentages of sperm with normal morphology, DNA fragmentation, protamine deficiency, EPS and caspase-3 activity were determined in each fraction. Results DGC is more efficient than MACS in separating intact sperm only in terms of normal morphology, DNA and chromatin integrity but not for active caspase. However, a combination of these procedures was more efficient than a single procedure to separate intact sperm for the aforementioned parameters. Comparison of the combined procedures showed only higher efficiency to separate active caspase in the MACS-DGC group. Conclusion Based on these results, we propose MACS-DGC rather than DGC-MACS to be implemented in clinical settings.
Introduction
There has been a stable increase in the application of Assisted Reproductive Techniques (ART) for treatment of infertility in the last two decades; however, the success rates of these techniques remain suboptimal [1] . The recognition and selection of the spermatozoa to support development from fertilization to a healthy live birth could improve the ART success rates. Currently, selection of sperm during ICSI is mainly based on motility and morphology. However, in spite of correlation between sperm motility and morphology with the aforementioned sperm functional markers, invisible anomalies such as externalization of plasma membrane phosphatidylserine (EPS), disruption of mitochondrial membrane potential (MMP), caspase-3 activity and more importantly damaged chromatin are relatively ignored [2] [3] [4] Therefore, a variety of novel sperm preparation techniques have recently been implemented based on sperm functional characteristics in order to ensure that the selected spermatozoa have intact chromatin [5] [6] [7] .
Magnetic-Activated Cell Sorting (MACS) is an excellent tool for selecting the desired cells or sperms out of a heterogeneous cell population based on membrane surface markers [8] Externalization of phosphatidylserine (EPS) to the outer membrane of sperm is considered as an early sign of apoptosis. Annexin V is a protein that binds specifically to EPS and enables the identification of cells with altered membrane integrity [9] . Based on this assumption, sperm presenting EPS has spermolemma with impaired function, which has been associated with infertility [10] . Impaired membrane integrity, along with other sperm anomalies are considered as one of the main cause subfertility or infertility. To improve clinical pregnancy rate, separation of Annexin V free sperms by MACS has been proposed. Review of the related literature revealed that Annexin V free sperms have been successfully separated by MACS and the separated sperms have better morphology with reduced EPS [11] . However, the majority of studies have implemented MACS in combination with a sperm density gradient centrifugation (DGC) procedure in the form of DGC prior to MACS (DGC-MACS) [8, 10, 12] or DGC following MACS (MACS-DGC) [13] . Although EPS is a sign of early apoptosis [14] , it can also occur following capacitation, and the sperms undergoing DGC that contains albumin, can undergo capacitation as well [12, 15, 16] . These capacitated sperm can be then removed following MACS. Therefore, capacitated sperms with normal function can be eliminated from the insemination sample. To our knowledge, no study has so far defined whether DGC-MACS or MACS-DGC is more suitable for sperm selection. This study has been designed to compare the quality of selected sperm following these two procedures by examining chromatin integrity through assessing the protamine content and DNA fragmentation status, both of which have important influence on fertilization and further development. In addition, the apoptotic status of sperms was determined by assessing the activity of external phosphatidylserine and effector caspase-3.
Materials and methods

Sperm preparation
This study was approved by the Ethics Committee of the Institutional Review Board of Isfahan Fertility and Infertility Center (Isfahan, Iran) and Royan Institute (Tehran, Iran).
Experimental design
Fifteen semen samples were randomly collected from the men attending the Andrology Unit of Isfahan Fertility and Infertility Center, after signing a written informed consent. The semen samples were collected by masturbation into sterile containers after 3-4 days of sexual abstinence. Sperm concentration, morphology and motility tests were carried out by light microscopy according to the protocols of the World Health Organization. In this study, 15 patients were grouped into oligoasthenoteratozoospermic (n03), oligoasthenozoospermic (n02), asthenozoospermic (n03) and normozoospermic (n07) categories, according to WHO criteria 2010 [17] .
Initially, each sample was washed with Ham's buffer (N6635; sigma; USA) and divided into three separate fractions and used for control, DGC and MACS. To carry out DGC-MACS, DGC samples were further divided into two fractions and MACS was carried on the second fractions. Similarly to carry out MACS-DGC, the MACS samples were further divided into two fractions and DGC was carried on the second fractions. Therefore, for each sample, five fractions were prepared and the percentages of sperm with normal morphology, DNA fragmentation, protamine deficiency, EPS and caspase-3 activity were determined (Fig. 1 ).
DNA fragmentation detection by fluorescence microscopy (TUNEL)
The DeadEnd™ Fluorometric TUNEL System (DFTS) is a classic TUNEL assay designed for the specific detection and quantification of apoptotic cells within a cell population (Apoptosis Detection System Fluorescein; Promega, Mannheim, Germany, G3250). DFTS measures nuclear DNA fragmentation, an important biochemical hallmark of apoptosis in many cell types. The system is non-radioactive and provides simple, accurate and rapid detection of apoptotic cells in-situ at the single-cell level or in cell suspensions. The DFTS measures the fragmented DNA of apoptotic cells by catalytically incorporating fluorescein-12-dUTP at 3′-OH DNA ends using the enzyme Terminal Deoxynucleotidyl Transferase (TdT), which forms a polymeric tail using the principle of the TUNEL (TdT-mediated dUTP Nick-End Labeling) assay. The fluorescein-12-dUTP-labeled DNA can then be visualized directly by fluorescence microscopy or quantified by flow cytometry.
For evaluation of nuclear DNA fragmentation, sperm suspensions were centrifuged for five minutes at 300 g. The supernatant was discarded and the remaining pellet was washed in phosphate-buffered saline (PBS, pH 7.4). A droplet of this sperm suspension was smeared onto slides, air-dried and fixed by immersion in freshly prepared 4% methanol-free formaldehyde in PBS for 25 minutes at 4°C. The slides were permeabelized with Triton X-100 for five minutes, rinsed and subsequently equilibrated with equilibration buffer for five to ten minutes at room temperature. Nucleotide mix and rTdT were prepared for test and control slides. DNA strand breaks labeled with fluorescein-12-dUTP were kept for 60 minutes at 37°C in a humidified chamber protected from light. Reactions were stopped by immersing slides in 2X SSC for 15 minutes at room temperature. To remove unincorporated fluorescein-12-dUTP, slides were washed three times for five minutes in PBS and stained with freshly diluted propidium iodide solution (1 μg/ml in PBS) for 15 minutes at room temperature in the dark. The slides were washed three times for five minutes in PBS. Samples were analyzed immediately using a fluorescence microscope. On each slide, 200 sperm cells were evaluated; sperm with DNA damage were considered TUNEL positive and recorded.
Protamine deficiency detection by fluorescence microscopy
Chromomycin A3 is an antibiotic that exhibits anti-bacterial, anti-fungal and antitumor activities. It reversibly binds to guanine-cytosine (G-C) base pairs in the minor groove of DNA, thereby inhibiting RNA synthesis by effecting on topoisomerase II activity. This agent is used as a fluorescent chromosome dye and is useful for the detection of protamine deficiency in sperm chromatins (Sigma; C2659. St. Louis, MO, USA). Initially, washed samples of each procedure were fixed in Carnoy's solution (methanol:glacial acetic acid, 3:1) at 4°C for five minutes. Smears were prepared and each slide was treated for 20 minutes with 100 μl of CMA3 solution [0.25 mg/ml in McIlvaine buffer (7 ml citric acid (0.1 M) 32.9 ml Na 2 HPO 4 .7H 2 O (0.2 M), pH 7.0, containing 10 mM MgCl 2 )]. The slides were then rinsed in buffer and mounted with buffered glycerol (1:1). Microscopic analysis of the slides was performed on an Olympus fluorescent microscope (BX51, Tokyo, Japan) with the appropriate filters (460-470 nm). CMA3 positive or protamine deficient sperm were defined as having a light yellow stain, whereas CMA3 negative sperm or sperm with a normal amount of protamine were defined as having a dark yellow stain. On each slide, 200 sperm cells were evaluated [18] .
Active caspase detection by flow cytometry
Caspase Detection Kits use a novel approach to detect active caspases (Catalog No. APT105; Chemicon.com; USA & Canada). The methodology is based on Fluorochrome Inhibitors of Caspases (FLICA). The inhibitors are cellpermeable and noncytotoxic. Once inside the cell, the inhibitor binds covalently to the active caspase. This kit uses a carboxyfluorescein-labeled fluoromethyl ketone peptide inhibitor of caspase-3 (FAM-DEVD-FMK), which produces a green fluorescence. When added to a population of cells, the FAM-DEVD-FMK probe enters each cell and covalently binds to a reactive cysteine residue that resides on the large subunit of the active caspase heterodimer, thereby inhibiting further enzymatic activity. The bound labeled reagent is retained within the cell, while any unbound reagent will diffuse out of the cell and is washed away. The green fluorescent signal is a direct measure of the amount of active caspase-3 or caspase-7 present in the cell at the time the reagent was added. Cells containing the bound labeled reagent were analyzed by flow cytometry. For evaluation of active caspase, one million washed sperm from each procedure were diluted in PBS buffer. Next, 10 μl of freshly prepared 30x FILICA reagent was added to the cells and mixed. The samples were incubated for one hour at 37°C under 5% CO 2 in dark conditions. Then, samples were washed twice with 2 ml of 1X wash buffer. After centrifugation, 2 μl of propidium iodide (PI) was added to each tube. For each procedure, one tube was considered as a control. Then, flow cytometric analysis was carried out.
Detection of externalized phosphatidylserine by flow cytometry
Assessment of externalized phosphatidylserine provides a rapid and reliable method for the detection of apoptosis and necrosis by flow cytometry. During the early stages of apoptosis, phosphatidylserine (PS) becomes exposed on the outer leaflet of the cell membrane. For evaluation of externalized phosphatidylserine, one million washed sperm from each procedure were diluted in calcium buffer. Next, 5 μl of FITC-labeled annexin V was added and the samples were incubated in the dark for 20 minutes at 4°C. Then, samples were washed twice with calcium buffer. After centrifugation, 5 μl of propidium iodide (PI) was added to each tube. Flow cytometric evaluation was conducted within five minutes [19] .
Flow cytometry FITC-annexin V and FITC-FLICA were used for detection of apoptosis and active caspase markers, respectively, as a green fluorescence, which was separately measured using a FACS Calibur flow cytometer (Becton Dikinson) with a 488-nm argon laser. Briefly, 10000 events were acquired for each sample. Artifacts and aggregates were excluded from the analysis by a gate on the sperm population in forward and side scatter (FSC/SSC). Green and red fluorescence (PI) were detected in FL1 with a 530/30 nm band-pass filter and in FL2 with a 585/42 nm band-pass filter, respectively. Instrument setting was performed using secondary control versus sample tests with green and red fluorescence, independently. The data obtained were analyzed with WinMDI 2.9 software".
Statistical analysis
Results are expressed as means±SEM. Levene's test for equality of variances and Shapiro-Wilk were carried out to assess normal distribution. For statistical analysis, the repeated measures ANOVA were used. P values of <0.05 were considered significant.
Results
The descriptive results of semen parameters from 15 infertile men were analyzed. Sperm concentration ranges were from four to 130 million per ml, with a mean of 40.56± 37.67. (Fig. 2-I) . A significant increase was observed in the percentage of normal morphology in MACS-DGC compared to MACS.
The mean percentages of protamine deficiency assessed by CMA3 staining in the control, DGC, MACS, DGC-MACS and MACS-DGC procedures were 46.00±3.67, 37.87±2.83, 41.82±3.82, 30.40±2.87and 30.87±2.01, respectively. Comparison of mean percentages of protamine deficiency showed a significant decrease in the percentage of protamine deficiency following the DGC, MACS, DGC-MACS and MACS-DGC procedures when compared with the control group (p<0.05). The percentage of protamine deficiency in the DGC-MACS and MACS-DGC procedures showed significant decrease compared with the DGC and MACS procedures, respectively (Fig. 2-II) .
The mean percentages of DNA damage assessed by TUNEL staining in the control, DGC, MACS, DGC-MACS and MACS-DGC procedures were 29.72±3.41, 21.27±3.47, 21.72±3.41, 17.63±3.72and 15.27±3.49, respectively. Comparison of the mean percentages of DNA damage showed significant decrease in the percentage of DNA damage following the MACS, DGC, DGC-MACS and MACS-DGC procedures when compared with the control group (p<0.05). The percentage of DNA damage in the DGC-MACS and MACS-DGC procedures showed significant decrease compared with the DGC and MACS procedures, respectively ( Fig. 2-III) .
The mean percentages of caspase-3 activity in viable sperm in the control, DGC, MACS, DGC-MACS and MACS-DGC procedures were 44.39±5.12, 36.02±5.28, 43.31±4.92, 36.90±6.91and 32.01±5.02, respectively. The mean percentage of caspase-3 activity significantly decreased in the DGC and MACS-DGC procedures when compared with the control group (p<0.05). The percentage of caspase-3 activity in MACS-DGC procedures showed significant reduction compared with MACS ( Fig. 2-IV) .
The mean values of the percentage of annexin negative in viable sperm (An-PI-: annexin negative and PI negative) in the control, DGC, MACS, DGC-MACS and MACS-DGC groups were 59.5±3. 18 (Fig. 3) . The percentage of annexin negative in viable sperm in the MACS procedure was higher than in the DGC procedure. This difference was close to significant (p00.058). In addition, this parameter was significantly reduced in the MACS-DGC procedure when compared with the MACS procedure (p<0.05). The percentage of annexin negative in viable sperm was also compared between the DGC-MACS and MACS-DGC procedures. The percentages of this parameter increased significantly in the DGC-MACS procedure when compared with the MACS-DGC procedure (p<0.05).
The mean values of the percentage of annexin positive in viable sperm (An+PI-: annexin positive and PI negative) in the control, DGC, MACS, DGC-MACS and MACS-DGC groups were 2.66±0.46, 0.45±0.10, 2.58±0.50, 0.68±0.18, and 0.56±0.11, respectively (Fig. 3) . The percentage of annexin positive in viable sperm in MACS was higher than in the DGC procedures (p<0.05). Additionally, this parameter decreased significantly in the MACS-DGC procedure when compared with the MACS procedure (p<0.05).
The mean values of the percentage of annexin positive in dead sperm (An+PI+: annexin positive; PI positive) in the control, DGC, MACS, DGC-MACS and MACS-DGC groups were 6.05±1.1, 5.73±2.62, 11.72±2.33, 16.58± 3.46, and 9.96±2.17, respectively (Fig. 3) . This parameter increased significantly in the DGC-MACS procedure when compared with the DGC procedure (p<0.05).
The mean values of the percentage of annexin negative in dead sperm (An-PI+: annexin negative; PI positive) in the control, DGC, MACS, DGC-MACS and MACS-DGC groups were 32.12±3.5, 47.29±5.15, 31.50±3.81, 40.00± 4.13, and 55.62±6.65, respectively (Fig. 3) . For this parameter, a significant difference was observed between the groups (p<0.05).
Discussion
Management of male infertility mainly depends on our understanding of cellular and molecular aspects of spermatogenesis. Therefore, in addition to standardized semen analysis, evaluation of prognostic markers for assessment of the fertilization potential of an ejaculate is required. In recent years, much attention has been given to the role of apoptosis in reproduction. It is known that apoptosis of germinal cells plays a critical role in normal spermatogenesis. Therefore, altered apoptotic process has been found to be closely associated with sperm anomalies and male infertility [20, 21] . Apoptosis is a cascade of events including the interruption of membrane phospholipid asymmetry, condensation and destruction of the chromatin, compaction of cytoplasmic organelles, reduced mitochondrial transmembrane potential, mitochondrial release of cytochrome c, production of reactive oxygen species, expansion of the endoplasmic reticulum, and a diminishing in cell volume [22] . Among these events, translocation of PS, as an early event of the execution phase of apoptosis, is considered one of the signals for specific recognition and removal of apoptotic cells by phagocytosis [14] . Indeed, increased rates of externalized phosphatidylserine are associated with decreased semen parameters such as sperm motility, morphology or concentration in ejaculated semen [3] . Therefore, the occurrence of apoptotic sperm is reported to be higher in semen samples from infertile men compared with fertile men [23] .
Despite that EPS is considered as an early sign of apoptosis in ejaculated sperm, others have shown that EPS is part of the physiological process of capacitation and acrosome reaction taking place upon separation of sperm from the seminal fluid in the presence of natural and chemical mediators of capacitation and acrosome reaction, such as serum, progesterone, ionophore and follicular fluid [24] [25] [26] [27] .
Recently, different studies reported or proposed the use of MACS together with DGC to prepare human spermatozoa for assisted reproductive techniques. Nevertheless, it is not clear whether annexin positive sperm removed from the insemination sample by MACS post-DGC are residues of an abortive apoptotic process begun before ejaculation, or normal sperm presenting EPS as a normal part of the physiological phenomenon of capacitation and acrosome reaction. Therefore, carrying out MACS before or after DGC might make a difference in the sperm population selected for assisted reproduction techniques.
In this study we aimed to evaluate the effect of the DGC, MACS, MACS-DGC and DGC-MACS procedures on the quality of prepared sperm. The whole process was carried out in absence of serum to mask the effect of PS externalization through capacitation and acrosome reaction, in order to evaluate the efficiency of MACS on its own or in combination with DGC, which has not been evaluated previously. The results reveal that the processes of MACS or DGC reduce the percentage of DNA fragmentation, as an index for the final stage of apoptosis, and no significant difference was observed between the efficiency of these two techniques with regard to this parameter. The addition of MACS to DGC or addition of DGC to MACS, further significantly reduced the percentage of DNA-fragmented sperm in the prepared sample. These two combined procedures did not show any advantage over each other for reducing the percentage of DNA-fragmented sperm.
Assessment of protamine deficiency by CMA3 staining as a sign of sperm immaturity revealed a similar trend to the TUNEL assay results; that is, the percentage protamine deficient sperm was decreased post-MACS or DGC and a combination of these two procedures further potentiated the beneficial effect of these two techniques. To our knowledge this is the first report assessing the efficiency of MACS technique to separate sperm with intact chromatin both in terms of chromatin and DNA integrity. A previous report has shown that chromatin and DNA integrity have important effects on sperm head decondensation and male pronucleus formation. These results are in agreement with the report of Grunewald et al. (2009) which showed a higher rate of sperm head decondensation in annexin negative compared to annexin positive sperm separated by MACS post-DGC, using a hamster oocyte assay [28] . It is of interest that they also did not observe a difference between the MACS negative population and DGC separated sperm.
Assessment of caspase results also showed that, unlike MACS, DGC is more efficient in recovering sperms with respect to caspase activity compared to the control. The percentage of caspase positive sperms was also reduced in both DGC-MACS and MACS-DGC. Furthermore, only the percentage of caspase positive sperms in MACS-DGC was reduced significantly compared to the control. This appears to be due to the DGC procedure and not MACS, because the percentage of caspase positive sperms was not reduced significantly in the MACS as compared to the control.
These results are in disagreement with other literature, which showed that MACS significantly reduces the percentage of caspase positive sperm post-DGC compared to DGC only [11, 23, 28] . However, in these reports, unlike our study, no comparison has been done the using washed semen sample. The possible reason for these differences could be due to the difference in the method of DGC performance (which may vary between different laboratories), the presence of serum in these reports and finally, sample differences between these studies. Regarding the latter point, Paasch et al. (2003) have shown that the percentage of active caspase is higher in infertile individuals as compared to fertile individuals. [23] . In addition, the former group's active caspase was observed mainly in the post acrosomal region while that of the latter group was in the cytoplasmic residues [23] .
With regard to sperm morphology, DGC has also shown to be more efficient than MACS in recovering sperms with normal morphology. In the combination methods, both procedures could recover significantly higher percentage of sperms with normal morphology. Similarly, this effect can be attributed to DGC too. The trend observed here with sperm morphology is consistent with the pervious repots in this filed [13] .
In this study we also assessed the annexin in washed samples as the control and in the four groups. The results reveal that in the control group, high percentages of spermatozoa are annexin negative/PI negative after one round of washing. However, upon DGC the percentage of this type of spermatozoa decreased and the percentage of annexin negative /PI positive increased, suggesting that the DGC procedure increases the permeability to PI. Therefore, this increase appears to be independent of apoptosis because we did not observe any change in the percentage of annexin positive/PI negative population, and even a reduction in the caspase 3 activity was observed in the MACS-DGC procedure. Similarly, Martin et al also reported increase in PI permeability independent of apoptosis, and attributed this effect to the process of capacitation and acrosome reaction [26] .
In contrast to DGC, no substantial difference was seen following MACS in the pattern of annexin staining. Therefore, the change in the pattern of annexin staining between the control and DGC groups may be attributed to the process of density gradient centrifugation, which is dependent on duration and centrifugation force. Comparison of annexin pattern in the DGC and DGC-MACS procedures also showed no significant difference in the pattern of annexin staining, suggesting that the observed difference to the control is mainly due to the process of centrifugation. Comparison of MACS with MACS-DGC also revealed an increase in the percentage of annexin negative/PI positive, which is due again to the DGC procedure after MACS.
The overall results of this study show that both MACS and DGC are suitable procedures for sperm processing for ICSI. Although no much difference was observed between the combinations of these two procedures (MACS-DGC vs DGC-MACS) with regard to DNA integrity, chromatin maturity and sperm normal morphology, however, the combined procedures separated higher quality sperms than the single procedures. Despite the latter observation, we preferably propose MACS-DGC to be performed rather than DGC-MACS, not only due to significantly lower caspase positive sperms observed in this procedure but also according to below reports stated in the literature: if MACS is performed initially, 1) it separates through the apoptotic sperms rather than the annexin positive ones induced by the initiation of capacitation and acrosome reaction, once sperm being separated from seminal solution during DGC. 2) Although insignificant, the percentage of sperms normal morphology and active caspase was higher and lower in MACS-DGC compared to DGC-MACS, respectively. 3) Sperm population exposed to the MACS column is more susceptible to the mechanical and magnetic forces within the column, which may result in tail defects [11] . Such defects can be removed by applying DGC. 4) Remnant of micro beads remaining after MACS can be separated by using DGC, which makes the procedure safer for clinical purposes. Therefore, in spite of recent clinical trends in the literature, which are mainly implementing DGC-MACS procedure, based on the above discussion, we strongly suggest MACS-DGC rather than DGC-MACS procedure.
